Background: Phospholipase D (PLD) and phosphatidic acid regulate fundamental cellular processes that contribute to cancer cell proliferation and survival. Results: Inhibition of PLD 2 decreases activation of the pro-survival kinase Akt leading to cell death through inhibition of autophagic flux. Conclusion: PLD 2 promotes autophagy through regulation of Akt in glioblastoma cells. Significance: PLD presents a novel opportunity for Akt inhibition without directly targeting the kinase. . 2 The abbreviations used are: GBM, glioblastoma multiforme; PIP 3 , phosphatidylinositol 3,4,5-trisphosphate; PTEN, phosphatase and tensin homolog; PLD, phospholipase D; PC, phosphatidylcholine; PtdOH, phosphatidic acid; mTOR, mammalian target of rapamycin; mTORC2, mTOR complex 2; PH, pleckstrin homology; PtS, protein A-Tev-Strep tag; LC3, microtubule-associated protein 1A/1B-light chain; Atg7, autophagy-related protein 7; RFP; red fluorescent protein; Rubicon, RUN-domain cysteine rich domain containing, beclin1-interacting protein; myrAkt1, myristoylated Akt1; ANOVA, analysis of variance.
The lack of innovative drug targets for glioblastoma multiforme (GBM) limits patient survival to approximately 1 year following diagnosis. The pro-survival kinase Akt provides an ideal target for the treatment of GBM as Akt signaling is frequently activated in this cancer type. However, the central role of Akt in physiological processes limits its potential as a therapeutic target. In this report, we show that the lipid-metabolizing enzyme phospholipase D (PLD) is a novel regulator of Akt in GBM. Studies using a combination of small molecule PLD inhibitors and siRNA knockdowns establish phosphatidic acid, the product of the PLD reaction, as an essential component for the membrane recruitment and activation of Akt. Inhibition of PLD enzymatic activity and subsequent Akt activation decreases GBM cell viability by specifically inhibiting autophagic flux. We propose a mechanism whereby phosphorylation of beclin1 by Akt prevents binding of Rubicon (RUN domain cysteine-rich domain containing beclin1-interacting protein), an interaction known to inhibit autophagic flux. These findings provide a novel framework through which Akt inhibition can be achieved without directly targeting the kinase.
Glioblastoma multiforme (GBM), 2 the most common and aggressive glioma, is a highly lethal type of brain tumor with poor patient prognosis. Despite advances in imaging and neurosurgery over the past 30 years, GBM remains one of the most difficult tumors to manage with a median survival time of ϳ14 months following diagnosis (1) . Treatment options are limited and invasive, typically including a combination of surgical resection, radiotherapy, and adjuvant chemotherapy (2) . The less invasive small molecule therapies for GBM have been met with limited success due, in part, to the poor blood-brain barrier penetrance of current chemotherapeutics that limits their access to GBM tumors. Moreover, the aggressive nature of GBM, its genetic variability, and antineoplastic drug resistance further curbs the effectiveness of small molecule inhibitors to treat the disease. The combination of these clinical obstacles contributes to the comparatively short survival times and patient death rate (3) . Thus, the field requires a more thorough understanding of GBM signaling and metabolic pathways to develop novel treatment options.
Among the most frequently deregulated pathways in GBM are components of the phosphoinositide 3-kinase (PI3K)/Akt pathway (4) . Activation of PI3K either by cell-surface receptor stimulation or constitutively activating mutations results in phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) production and subsequently initiates signaling cascades by recruiting a variety of molecules containing lipid-binding domains to membranes (5) . The serine/threonine kinase Akt was identified as the eukaryotic homolog of the retroviral oncogene protein v-Akt, which becomes activated following PI3K generation of PIP 3 (6, 7) . Akt mediates a variety of intracellular functions critical to oncogenic processes, including cell growth, proliferation, metabolism, and survival (8) . Mutations that result in PI3K activation, such as constitutive growth factor receptor activation (9) or inactivation of phosphatase and tensin homolog (PTEN) (10) , the lipid phosphatase that hydrolyzes PIP 3 , are common in GBM. Although small molecule inhibitors of the plasmid 24399). FLAG-PLD 1 and PLD 2 were created by PCR amplification of the PLD open reading frames (PLD 1 cDNA was obtained from Open Biosystems MGC collection, clone 6068382, and PLD 2 cDNA was a generous gift from Dr. David Lambeth at Emory University) using forward primers containing FLAG epitope sequence and ligating into pcDNA5/TO (Invitrogen). To create the protein A-Tev-Strep-tagged PLD 2 construct (PtS-PLD 2 ), the PtS tag from p31-N-PtS (a kind gift from Dr. Yisong Wang (35) ) was shuttled into pcDNA5/TO to create PtS-pcDNA5/TO, and the PLD 2 ORF was subsequently ligated 3Ј of the PtS ORF into PtS-pcDNA5 to create a PLD 2 construct with an N-terminal PtS tag. To create the PtS-PLD 2 baculovirus, the PtS-PLD 2 ORF was ligated into pENTR1A (Invitrogen). After LR recombination into pDEST8 (Invitrogen), baculovirus was produced according to the manufacturer's instructions. A bacterial expression vector for the PtS tag was created by amplification of the PtS tag from PtS-pcDNA5/TO and ligated into pET16b (EMD Millipore). For His 6 -Akt1 baculovirus production, the Akt1 ORF was amplified from pcDNA3 myr HA Akt1 and ligated into pENTR3C (Invitrogen). pENTR3C was LR-recombined into pDEST10 (Invitrogen) to generate a His 6 -Akt1 construct, and baculovirus was produced according to the manufacturer's instructions.
Transfection and RNAi-For protein expression, cells were transfected using FuGENE 6 (Roche Applied Science) according to the manufacturer's instructions. All siRNA was obtained from Dharmacon as a pool of 4 oligonucleotide targeting sequences per relevant target (ON-TARGETplus). Cells were transfected according to the manufacturer's instructions using the Dharmafect 1 reagent and a final concentration of 100 nM siRNA.
Endogenous PLD Activity Assays-PLD activity assays were performed essentially as described previously (36) . Following experimental treatments, cells were treated with 0.3% deuterated n-butanol (n-butanol-d 10 ) for 30 min prior to phospholipid extraction and quantification of PLD-generated phosphatidylbutanol species. To generate concentration-response curves, U87MG cells were serum-starved for ϳ24 h. Cells were treated with the indicated concentration of PLD inhibitor for 15 min prior to addition of n-butanol-d 10 and phospholipid extraction.
Viability Assays-Cells were seeded into clear-bottom, black-walled 96-well tissue culture plates and allowed to adhere overnight to achieve ϳ60% confluence the following day. Cells were serum-starved in the presence of indicated inhibitors overnight. Viability was measured by addition of the WST-1 reagent (Roche Applied Science) and reading absorbance at 450 nm. Time of WST-1 incubation was cell line-dependent and ranged from 30 min to 2 h.
To measure viability following RNAi treatment, cells were seeded in 60-mm tissue culture plates at 540,000 cells/plate and transfected with 100 nM siRNA. The next day, cells were split into 96-well plates, allowed to adhere overnight, and serumstarved in the presence of inhibitors the following day. Viability was assessed ϳ72 h post siRNA transfection Anchorage-independent Growth Assays-Base layers of 0.5 ml of 0.7% agarose (SeaKem GTG-agarose, Cambrex BioSci-ence, Rockland, ME) containing complete neurobasal growth media were prepared in 12-well tissue culture plates. PLD inhibitors or DMSO vehicle controls were incorporated into the base layers. A 0.5-ml overlayer of 0.35% agarose containing CD133 ϩ cells (5.0 ϫ 10 3 ) in compete growth medium with PLD inhibitors was applied. Each condition was plated in triplicate wells. Plates were incubated at 37°C in a humidified atmosphere of 5% CO 2 in air. Cells were fed every 2-3 days with complete growth media plus PLD inhibitor. Colony formation progressed for 8 weeks. Crystal violet (0.005%) was used to stain colonies. Large colonies (Ͼ50 cells) were scored at ϫ10 magnification with an inverted phase microscope using an average of four random fields per sample.
Immunoblotting-Lysates were prepared by incubating cell pellets in lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Nonidet P-40, 40 mM ␤-glycerophosphate, 20 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , 2 mM EDTA, 2 mM EGTA, 5 mM NaF, 1 mM DTT, and complete protease inhibitor mixture from Roche Applied Science) for 30 min at 4°C. Protein concentrations were measured using the Bio-Rad protein assay reagent. pan-Akt, Akt-S473, Akt-T308, beclin1, p62, Atg7, p70S6K, p70S6K-T389 antibodies were from Cell Signaling; GAPDH and PLD 1 antibodies were from Santa Cruz Biotechnology; ␤-actin and FLAG (M2) antibodies were from Sigma; pan-cadherin and Rubicon antibodies were from Abcam; and PLD 2 , HA tag, strep tag and LC3 antibodies were from Abgent, Covance, Qiagen, and Novus, respectively. Bands were quantified using the gel analyzer function of ImageJ (National Institutes of Health).
Protein Purification-PtS-PLD 2 infected Sf21 cells were harvested and collected by centrifugation at 500 ϫ g for 5 min. Cells were lysed by sonication in lysis buffer (50 mM Tris, pH 8.0, 500 mM NaCl, 0.5% Nonidet P-40, 2.5 mM EDTA, and 50 g/ml avidin, 1 mM DTT, complete protease inhibitor tablet (Roche Applied Science), and 1 mM PMSF added immediately prior to sonication). Lysate was cleared by centrifugation at 12,000 ϫ g for 10 min. Cleared lysate was incubated with streptactin affinity resin (IBA) overnight at 4°C. Beads were washed three times with wash buffer (lysis buffer with 0.01% Nonidet P-40). PtS-PLD 2 was batch-eluted by incubation of beads with 5 mM desthiobiotin (Sigma) in wash buffer for 10 min, centrifugation at 1,000 ϫ g, and collecting supernatants containing soluble PtS-PLD 2 . For protein-protein interaction studies, PtS-PLD 2 eluates were dialyzed (5,000 MWCO, Invitrogen) overnight against wash buffer to remove desthiobiotin.
The PtS protein, used as a control for protein interaction experiments, was produced by transforming BL21 Escherichia coli (Agilent) with the pET16b-PtS plasmid. Bacteria were grown at 37°C until the A 600 reached 0.7. At that point, protein expression was induced by adding 100 M isopropyl 1-thio-␤-D-galactopyranoside and growing bacteria overnight at 18°C. Bacteria were lysed by incubating in lysis buffer (30 mM sodium phosphate buffer, pH 7.4, 500 mM NaCl, complete protease inhibitor mixture, and 1 mg/ml lysozyme) for 30 min followed by sonication. Lysates were clarified by centrifugation at 14,500 ϫ g for 30 min at 4°C and then loaded onto a 1-ml Hi-Trap chelating column (GE Healthcare). The column was washed until the A 280 returned to base line, and nonspecific proteins were eluted using a 40 mM imidazole step gradient. Once the A 280 returned to base line, PtS was eluted in a linear imidazole gradient from 40 -500 mM. Eluates were pooled and loaded onto a 120-ml Sephadex 75 gel filtration column (GE Healthcare), previously equilibrated with 50 mM Tris, pH 7.4, 0.5 mM EGTA, 150 mM NaCl, and 2 mM DTT. Fractions containing PtS protein were collected and pooled for use in binding assays.
N-terminal Akt PH domain His 6 -GST fusion proteins were produced by PCR amplifying the first 123 amino acids of Akt1 (37) , ligating into pBG105 (Vanderbilt Structural Biology Core), and transforming BL21 E. coli. Bacteria were grown at 37°C until A 600 reached 0.7. At that point, protein expression was induced by adding 250 M isopropyl 1-thio-␤-D-galactopyranoside and growing bacteria overnight at 27°C. Bacteria were lysed by incubating in lysis buffer (50 mM Tris buffer, pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM Na 3 VO 4 , 10 mM ␤-glycerophosphate, 50 mM NaF, 5 mM DTT, complete protease inhibitor mixture (Roche Applied Science), and 1 mg/ml lysozyme) for 30 min followed by sonication. Lysates were clarified by centrifugation at 14,500 ϫ g for 30 min at 4°C and then applied to glutathione-agarose (Sigma) for 2 h at 4°C. Resin was washed twice with lysis buffer and twice with wash buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 0.1 mM EGTA, and 5 mM DTT) and eluted by incubating in wash buffer containing 10 mM reduced glutathione. His 6 -Akt1 was purified from Sf21 cells essentially as described previously (38) .
Immunoprecipitation and in Vitro Protein-Protein Interaction Assays-Cells were resuspended in lysis buffer (see under "Immunoblotting") and lysed with three freeze/thaw cycles in dry ice/ethanol, drawing lysate through a 25-gauge syringe needle between cycles. Clarified (10,000 ϫ g for 10 min) lysates were pre-cleared with protein G-agarose (Millipore), and immunoprecipitating antibodies were incubated with lysate overnight. Complexes were captured using protein G-agarose, washed three times in lysis buffer, then eluted by boiling in 2ϫ SDS-PAGE loading buffer.
For in vitro protein-protein interaction assays, 25 nM PtS-PLD 2 or PtS tag was incubated with 50 nM His 6 -Akt1 for 2 h in 50 mM Tris, pH 8.0, 0.01% Nonidet P-40, 150 mM NaCl, 0.5 mM EDTA, and 50 g/ml avidin. Where indicated, 10 M inhibitor was included in the reaction mixture. PtS-tagged proteins were captured by incubation with streptactin resin for 2 h. Resin was washed three times and proteins eluted by boiling in 2ϫ SDS-PAGE loading buffer
Protein-Lipid Binding-The general procedure for measuring Akt binding to lipid spots on nitrocellulose membranes has been described previously (39) . The membrane containing various classes of lipids was obtained from Avanti Polar Lipids and contained 2 g of the indicated lipid per spot. For vesicle competition assays, vesicles were prepared by drying lipids under N 2 gas and resuspending in 50 mM Tris, pH 7.4, 150 mM NaCl, and 2 mM EGTA. Lipids were vortexed and sonicated until in solution. The vesicles were composed of either 100% 32:0 PC or 95% PC ϩ 5% 32:0 PtdOH (mol %). Recombinant Akt was incubated for 2 h with 200 M bulk vesicles and then incubated with nitrocellulose membranes overnight. Lipid-bound Akt was determined using a total Akt antibody and chemiluminescence.
Exogenous PtdOH Rescue-Lipids were obtained as chloroform solutions from Avanti Polar Lipids. Lipids were dried under N 2 gas in glass Pyrex tubes. Dried lipid film was vortexed in DMEM ϩ 0.25 mg/ml fatty acid-free BSA and then sonicated for 10 min. The sonicated lipid mixture was further diluted in the DMEM/BSA mixture to a final concentration of 1 mM, and cells were treated for the duration of time indicated in the text.
Membrane Isolation from U87MG Cells-U87MG cells were seeded on 150-mm tissue culture plates at 2.6 ϫ 10 6 cells/plate (four plates per condition) and allowed to adhere overnight. The following day, cells were washed and media replaced with DMEM plus indicated inhibitor or vehicle, and cells were treated for 6 h. Cells were washed twice in 1ϫ PBS and then scraped in homogenization buffer (20 mM HEPES, pH 7.4, 1 mM EDTA, 250 mM sucrose). Cells were pelleted by centrifugation at 1,000 ϫ g for 5 min at 4°C. Cell pellets were resuspended in homogenization buffer containing complete protease inhibitor mixture (Roche Applied Science), 10 mM ␤-glycerophosphate, 1 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , and 5 mM NaF and lysed by nitrogen cavitation (1,000 p.s.i. for 5 min, 4°C). Lysate was collected dropwise then centrifuged at 2,000 ϫ g for 10 min to pellet unbroken cells, nuclei, and heavy debris. The supernatant was subsequently centrifuged at 100,000 ϫ g for 60 min. The supernatant was saved as the cytosolic fraction and the 100,000 ϫ g pellet was washed once by resuspension in lysis buffer then centrifuged again under the same conditions.
A stock iodixanol (Optiprep, Sigma) gradient solution was prepared by diluting the 60% iodixanol solution from the manufacturer in dilution buffer (120 mM HEPES, pH 7.4, 250 mM sucrose, 6 mM EDTA, 60 mM ␤-glycerophosphate, 6 mM Na 3 VO 4 , and 60 mM sodium pyrophosphate) in a ratio of 5 parts 60% iodixanol to 1 part dilution buffer to create a 50% iodixanol working solution. 2.5, 10, 17.5, 25, and 30% iodixanol solutions were prepared by mixing the appropriate ratios of 50% iodixanol with homogenization buffer. Washed membranes from the second 100,000 ϫ g spin were resuspended in 30% iodixanol (ϳ500 l) and added to 11-ml polycarbonate ultracentrifuge tubes (Beckman Coulter). Equal volumes of 25, 17.5, 10, and 2.5% iodixanol were layered on top of the membrane suspension, and tubes were centrifuged for 3.5 h at 165,000 ϫ g in a swinging bucket rotor. 1-ml fractions were collected from the bottom by introducing a small hole with a 25-gauge syringe needle and collecting droplets. Samples were then boiled in 6ϫ SDS-PAGE loading buffer prior to immunoblotting. Membranes predominantly banded at the 10/17.5% iodixanol interface.
Immunofluorescence-U87MG-tfLC3 cells were seeded on glass coverslips in 6-well plates in complete media and allowed to adhere overnight. The following day, cells were washed and treated with inhibitors in serum-free DMEM for 24 h. Cells were fixed for 15 min in 2% paraformaldehyde followed by washing in PBS. Coverslips were removed and mounted onto glass slides in Vectashield mounting media containing DAPI (Vector Laboratories). GFP/RFP images were acquired using Nikon A1R laser scanning confocal microscope equipped with a Plan Apo VC 60 ϫ 1.4 N.A. and 40ϫ oil immersion lens.
Statistical Analysis-Statistical analyses used for each figure are listed in the figure legend. Graphs of PLD activity and cell viability are representative from at least three experiments. Quantified immunoblots represent pooled data from at least three independent experiments unless otherwise noted in the text.
RESULTS
Phospholipase D 2 Activity Is Required for Glioma Viability Following Serum Withdrawal-Multiple cancer types require PLD and its product, PtdOH, for sustained survival under stress conditions (20) . Serum withdrawal, a known stimulus of PLD activity in multiple cancer cell lines (40) , is frequently used to simulate the harsh growth environments encountered by neoplastic cells prior to vascularization and restoration of nutrient supply within the tumor mass. Viability is compromised when normal cells are cultured in serum-depleted conditions. Cells with elevated PI3K/Akt activity, however, continue to proliferate under these harsh culture conditions (41) . To investigate the role of PLD in GBM survival, we measured PLD activity following serum withdrawal in the PTEN-null U87MG GBM cell line. Cells were grown overnight in complete growth media (DMEM with FBS) before growth in media lacking FBS for times ranging from 1 to 24 h. Serum withdrawal resulted in a time-dependent increase in PLD activity with the most robust activation observed after 16 h, and longer durations of serum withdrawal did not further increase PLD activity ( Fig. 1A) . By contrast, we did not observe increased PLD activity in the nontumorigenic HEK293 line under the same conditions ( Fig. 1A ), suggesting a cancer line-specific PLD response. Serum deprivation leading to PLD activation in U87MG cells is consistent with published reports on other cancer cell lines showing similar trends (40) .
Two isoforms of PLD have been identified, PLD 1 (42) and PLD 2 (43) , and each demonstrates distinct regulatory properties. PLD 1 is quiescent under normal growth conditions and requires stimulation by proteins, including small GTPases such as Arf (44), whereas PLD 2 displays higher basal activity and is generally unresponsive to activators of PLD 1 (43) . To better understand the role of each isoform in this stress pathway, we explored which PLD isoform was preferentially activated following serum withdrawal using both pharmacological and genetic tools. In the first approach, U87MG cells were serumdeprived overnight and then treated with various concentrations of previously reported, isoform-preferring PLD inhibitors. VU0359595 is a 1,700-fold PLD 1 -preferring compound (45) , and VU0364739 is a 75-fold PLD 2 -preferring compound (46) , as determined with cell-based assays designed to measure activity of individual PLD isoforms. In the U87MG cells, which express both PLD 1 and PLD 2 , VU0359595 and VU0364739 attenuated PLD activity following serum withdrawal with IC 50 values of ϳ500 and 100 nM, respectively (Fig. 1B) . The 5-fold greater potency of the PLD 2 -preferring compound suggests that the PLD 2 isoform is responsible for the vast majority of PLD activity in these cells following serum withdrawal, although the PLD 1 isoform may partially compensate following acute inhibitor treatment. To further explore the contribution of individual isoforms to the total PLD activity, we utilized iso-form-specific siRNA to knock down either PLD 1 or PLD 2 and to measure PLD activity following overnight serum withdrawal. Silencing of PLD 2 , but not PLD 1 , resulted in a significant decrease in PLD activity (Fig. 1C ), further implicating PLD 2 as the predominant isoform in the serum withdrawal response.
To determine whether PLD activity was required for viability in U87MG cells following serum withdrawal, we measured cell viability following overnight treatment with various concentrations of PLD inhibitors. U87MG cell viability decreased in a concentration-dependent manner ( Fig. 2A) , consistent with concentrations needed to completely ablate PLD activity ( Fig.  1B ), suggesting that complete suppression of PLD activity compromises viability in these cells. By contrast, treatment of HEK293 cells with PLD inhibitors resulted in significantly less cell death when compared with U87MG cells (Fig. 2B ), further implicating PLD as necessary for cancer cell survival.
Although U87MG cells are a well characterized GBM line, we wanted to extend our study on PLD to a more disease-relevant model, namely cells isolated from biopsies of primary human GBMs. Glioma stem cells can be isolated from patient tumors by sorting for surface expression of the CD133 antigen. These stem cells are tumorigenic and phenocopy the patient's original tumor when injected into immunocompromised mice (47) . Two glioma stem cell clones (31) , derived from individual patients, both showed reduced viability following PLD inhibitor treatment under growth factor starvation ( Fig. 2C ). Anchorageindependent growth, the most important measure of tumorigenicity (48) , was then assessed in these stem cells. Following PLD inhibitor treatment, GBM stem cells formed significantly fewer colonies than vehicle control samples in soft agar, even in the presence of growth factor supplements ( Fig. 2D ). Together, these results demonstrate that PLD activity is required for proliferation and survival in glioma cells. PLD 2 Is Required for Akt Activation in GBM Cells-After establishing a requirement for PLD 2 in glioma cell viability, we wanted to determine the mechanism by which PLD 2 regulates survival signaling. The PI3K/Akt pathway is frequently up-regulated in cancer and promotes survival by inhibiting apoptotic processes and by regulating metabolism and nutrient utilization (8) . Additionally, extracellular pathogens are known to engage the Akt pathway upon infection, and bacterial PLD from N. gonorrhoeae was demonstrated to interact with and activate human Akt upon infection of human cervical epithelial cells (30) . We hypothesized there could be an interaction or regulation between human PLD and Akt. To determine whether human PLD 2 regulated Akt activation in PTEN-null glioma lines, we measured Akt phosphorylation following treatment with PLD inhibitors under various growth conditions. Under the canonical Akt activation sequence, PI3K generates PIP 3 , which serves as a membrane recruitment signal for Akt (7, 49) . Membrane-bound Akt is subsequently activated via a phosphorylation dependent mechanism whereby 3-phosphoinositidedependent kinase 1 phosphorylates Akt at threonine 308 in the activation loop, and other kinases such as the mammalian target of rapamycin complex 2 (mTORC2) phosphorylate Akt in its hydrophobic motif at serine 473 (50, 51) . Cells were treated overnight with PLD inhibitors in either serum-free DMEM, DMEM ϩ 10% FBS, or DMEM followed by stimulation for 10 min the following day with 20% FBS. Because the PLD 1 -and PLD 2 -preferring inhibitors are chemically unique compounds that have few structural similarities, using either inhibitor indi-FIGURE 1. Serum withdrawal stimulates PLD 2 activity in GBM cells. A, cells were seeded ϳ24 h prior to washing and incubation in serum-free media for the indicated length of time. n-Butanol (n-butanol-d 10 ) was added 30 min prior to glycerophospholipid extraction and subsequent phosphatidylbutanol quantification. B, U87MG cells were seeded as in A, and serum was withdrawn for 24 h. Cells were pretreated with inhibitors 30 min prior to measurement of PLD activity. Data are presented as the percent activity remaining after PLD inhibitor treatment relative to control. C, U87MG cells were transfected with siRNA targeting either PLD 1 or PLD 2 for 48 h prior to a 24-h serum starvation before measuring PLD activity. Note the PLD 2 antibody recognizes a nonspecific band of similar molecular weight to PLD 2 , and the band of interest is directly above the nonspecific band. *, p Ͻ 0.5; **, p Ͻ 0.01; ***, p Ͻ 0.005, NS, not significant, unpaired Student's t test. Error bars, mean Ϯ S.E. vidually at concentrations high enough to inhibit both isozymes ( Fig. 1B ) without causing substantial cell death ( Fig. 2A ) allowed us to minimize possible off-target effects associated with an individual compound. Inhibition of PLD in the PTENnull U87MG (Fig. 3, A and B) and U118MG ( Fig. 3 , C and D) cell lines resulted in decreased levels of activated Akt under serumdepleted conditions as assessed by phosphorylation of threonine 308 and serine 473. Akt phosphorylation was less affected by PLD inhibition when cells were cultured normally or when stimulated with 20% FBS. These results strongly suggest that PLD regulates Akt activation predominantly under stressful, serum-depleted conditions. Additionally, these results suggest that the PLD inhibitors do not inhibit upstream kinases or Akt directly because growth factor signaling to Akt remains unperturbed. By contrast, PLD inhibitors do not reduce phosphorylated Akt in the nontumorigenic HEK293 cell line under any condition (Fig. 3 , E and F), suggesting a cell type-specific regulation of Akt by PLD. We next knocked down either PLD 1 or PLD 2 to dismiss any off-target effects of PLD inhibitors and also to further link a specific PLD isoform to this process. Transfection of U87MG cells with PLD 2 , but not PLD 1 , siRNA resulted in a significant decrease in phosphorylated Akt at both threonine 308 and serine 473 ( Fig. 3, G and H) . Taken together, the data demonstrate that PLD regulates Akt activation under serum-depleted conditions and that regulation is due to the PLD 2 isoform.
Phosphatidic Acid Regulates Akt Activation-To determine the mechanism by which PLD 2 regulates Akt activation following serum withdrawal in GBM cells, we initially investigated a potential protein-protein interaction as was demonstrated with PLD from N. gonorrhoeae (30) . Although we detected a specific interaction of Akt with PLD 2 , but not PLD 1 , in cell lysates (Fig.  4, A and B) and with recombinant, purified proteins (Fig. 4, C  and D) , PLD inhibitors did not disrupt the PLD 2 -Akt complex formation (Fig. 4E) . These data suggest that the small molecule PLD inhibitors are not mediating Akt regulation by disrupting the PLD 2 -Akt protein complex.
Because PLD inhibitors did not disrupt the PLD 2 -Akt protein complex, we investigated a potential regulation of Akt by PtdOH, the catalytic product of PLD. To confirm that the decrease in Akt phosphorylation following PLD inhibitor treatment or siRNA knockdown was due to the decrease in PtdOH production, we attempted to rescue Akt phosphorylation by co-treatment of U87MG cells with PLD inhibitors and exogenously added PtdOH. Our laboratory recently published a detailed lipidomic characterization of PtdOH species generated by PLD in an astrocytoma cell line (52) . Based upon this analysis and others, we attempted to rescue Akt phosphorylation using 36:2 PtdOH, a species generated by PLD. We observed complete rescue of Akt phosphorylation with exogenously added PtdOH (Fig. 5, A and B) , suggesting that decreased Akt phosphorylation following PLD inhibitor treatment was due to decreased production of PtdOH by PLD.
Several studies have recently suggested that Akt binds other phospholipids in addition to phosphoinositide, including phosphatidylserine (53) and PtdOH (54) . To compare the relative affinity of Akt for various phospholipids, we measured Akt binding using a commercially available protein-lipid overlay assay (39) in which phospholipids are spotted onto nitrocellulose, and binding of recombinant protein is detected immunologically. In agreement with other studies, recombinant Akt bound PtdOH and with higher affinity than other phospholipids ( Fig. 5C ).
Phosphatidic Acid Enhances Akt Binding to PIP 3 and Subsequent Membrane Recruitment-To understand the mechanism by which PtdOH regulates Akt activation, we first determined whether PtdOH and PIP 3 share a binding site on Akt. Recombinant Akt was incubated with lipid vesicles composed of PC alone or PC with PtdOH. Akt binding to PtdOH and PIP 3 was then assessed using a protein-lipid overlay assay. When preincubated with vesicles containing PtdOH, binding of Akt to PtdOH on nitrocellulose was diminished, and this condition served as an internal control for the experiment (Fig. 5D ). Intriguingly, binding of Akt to PIP 3 was strongly enhanced by preincubation with PtdOH-containing vesicles (Fig. 5D ). Because PIP 3 is known to bind the Akt PH domain based on published crystal structures (37), we investigated whether the PH domain also mediates the interaction with PtdOH. GST-Akt PH domain fusion proteins were purified from E. coli, and lipid binding was again assessed using a protein-lipid overlay. We purified the wild-type (WT) Akt PH domain and an Akt PH domain mutant deficient in PIP 3 binding, R25C (37), to determine whether perturbing PIP 3 binding would also alter PtdOH binding. The WT PH domain of Akt was sufficient to bind PtdOH, and disruption of PIP 3 binding with the R25C mutant had no effect on PtdOH binding (Fig. 5E ). These results suggest that PtdOH binds a distinct site on the PH domain of Akt and that the binding of PtdOH acts cooperatively to increase the affinity of Akt for PIP 3 .
Because PIP 3 recruits Akt to membranes (6, 7) and PtdOH increased Akt binding to PIP 3 , we investigated the possibility that PLD-generated PtdOH regulates membrane localization of Akt. Membranes from serum-starved U87MG cells treated with vehicle or PLD inhibitors were prepared by flotation FIGURE 4 . Akt and PLD 2 form a direct protein complex. A, U87MG cells were transfected with vector or FLAG-tagged PLD 1 or PLD 2 for 48 h. FLAG-PLD 1 or PLD 2 was immunoprecipitated (IP), and binding of endogenous Akt was assessed by immunoblotting FLAG-PLD complexes for Akt. B, U87MG cells were lysed and endogenous Akt immunoprecipitated overnight using a pan-specific Akt antibody. Nonspecific proteins were immunoprecipitated using normal rabbit IgG. Note, ϳ0.5% of the material used for IP was loaded into the lysate lanes for A and B. C, Coomassie Brilliant Blue-stained gel of PLD 2 and Akt to demonstrate protein purity. Numbers indicate molecular weights in kilodaltons. D, purified Akt was incubated with either PLD 2 or protein A-tev-Strep (PtS) tag for 2 h, and complexes were captured using affinity resin. Bound Akt was determined by immunoblotting for Akt to demonstrate a direct protein-protein interaction between PLD 2 and Akt. E, same procedure as D except 10 M VU0359595, VU0364739, or Akt inhibitor MK2206 was included in the reaction mixture. through a discontinuous iodixanol gradient. Under control conditions, Akt was present in both cytosolic and membrane fractions, and as we hypothesized, inhibition of PLD decreased the levels of both total and phosphorylated Akt in the membrane fraction (Fig. 5F ). Akt membrane recruitment was less sensitive to PLD inhibition in the presence of serum, and Akt was not detected in the membrane fractions of serum-starved HEK293 cells except under conditions where film was extremely overexposed (data not shown), consistent with constitutive activation of Akt in PTEN-null GBM cells. To confirm that PLD inhibitors decreased Akt membrane localization in a PtdOH-dependent manner, we co-treated U87MG cells with PLD inhibitors and the PLD product PtdOH before preparing membranes. Interestingly, co-treatment of cells with PtdOH not only rescued Akt membrane localization but PtdOH treatment resulted in a dramatic relocalization of cytosolic Akt to the membrane fraction (Fig. 5G) . These data implicate PLDgenerated PtdOH as a crucial mediator of Akt membrane recruitment in GBM cells.
PLD 2 Inhibition Induces Autophagy-dependent Cell Death-
After establishing a requirement for PLD 2 -generated PtdOH in the activation of Akt in U87MG cells, we next determined the mechanism of cell death following inhibition of the PLD 2 -Akt pathway by first measuring markers for apoptosis in U87MG cells. PLD inhibition only modestly induced caspase-3/7 cleavage relative to a well characterized apoptotic stimulus, staurosporine (55) , and treatment of U87MG cells with a pan-caspase inhibitor failed to rescue PLD inhibitor-induced cell death (data not shown). Together, these results suggest that PLD inhibition predominantly leads to nonapoptotic cell death in this GBM line.
In addition to apoptosis, cells undergo another type of programmed cell death requiring autophagy (56), a process known to be stimulated by nutrient or growth factor deprivation (57) . Autophagy is a multistep process involving formation of double-membrane autophagosomes that engulf cytosolic components and deliver cargo to lysosomes for digestion and nutrient recycling (58) . To determine whether autophagy was perturbed following PLD or Akt inhibitor (MK2206) (59) treatment, we measured the expression levels of the well characterized autophagy markers microtubule-associated protein 1A/1B-LC3 and p62. Autophagosome number is frequently assessed by measuring conversion of cytosolic LC3-I to the membrane-associated, lipidated LC3-II, which is readily measured as a faster migrating species of LC3 during SDS-PAGE (60) . The other marker, p62, is an LC3 and ubiquitin-binding protein involved in the regulation of protein aggregates and is degraded by autophagy (61) . Induction of autophagy and successful degradation of autophagosomes would thus be accompanied by a decrease in p62 levels. Overnight treatment of U87MG cells with PLD or Akt inhibitors robustly induced LC3-II conversion and also increased p62 levels (Fig. 6, A and B) . These results suggest an increased number of autophagosomes resulting from a deficiency in autophagosome turnover as is often observed under conditions where autophagy is defective (62) .
In the presence of PtdOH, PLD inhibitors failed to increase autophagy markers, which further validates the specificity of our inhibitors (Fig. 6, C-E) . LC3-II and p62 levels also increased in other glioma cell lines, including the CD133 ϩ glioma stem cells (Fig. 6F ) and U118MG cells (data not shown) following PLD inhibitor treatment.
To determine whether the effects on autophagy following PLD inhibition were cell type-specific, we compared LC3/ p62 levels between U87MG cells and HEK293 cells. PLD and Akt inhibitors increased LC3-II conversion in both cell types (Fig. 6G) . However, the levels of LC3 and p62 under basal condi- tions were much higher in the U87MG cells, suggesting that glioma cells utilize autophagy more so than other cell types, rendering them particularly sensitive to compounds that perturb autophagy.
To confirm that U87MG cells were undergoing autophagydependent cell death, we measured the ability of PLD inhibitors to decrease viability when machinery required for autophagosome formation was perturbed by siRNA knockdown. Atg7 is a ubiquitination E1-like enzyme required for autophagosome formation (63) . Knockdown of Atg7 significantly increased viability ( Fig. 6H) and decreased LC3-II conversion (Fig. 6I) following PLD inhibition in U87MG cells. These results strongly suggest that GBM cell death resulting from PLD inhibition is predominantly through an autophagy-dependent mechanism.
PLD and Akt Inhibition Reduces Autophagic Flux-The increased conversion of LC3-II and increased expression of p62 after inhibitor treatments in glioma cells suggest that autophagic flux requires PLD and Akt activity. To conclusively determine that flux, rather than autophagosome initiation, is regulated by PLD, we measured LC3-II conversion in the presence of the lysosomal proton pump inhibitor bafilomycin A1, which prevents autophagosome fusion to lysosomes and inhibits degradation of autophagosomes. Thus, bafilomycin A1 is commonly used to discriminate the effects of a compound on autophagy initiation versus flux by assessing LC3-II levels in the presence of a test compound after clamping degradation of autophagosomes (64) . Bafilomycin A 1 , PLD, and Akt inhibitor treatment increased LC3-II levels relative to vehicle control (Fig. 7, A and B) . However, no additional accumulation of LC3-II was measured when PLD or Akt inhibitors were added in the presence of bafilomycin A1, confirming that PLD and Akt were controlling degradation of autophagosomes.
To further demonstrate decreased degradation of autophagosomes following PLD 2 /Akt inhibition, we generated a stable U87MG cell line to express a tandem-fluorescent LC3 reporter used to assess autophagosome maturation (33). This reporter system consists of an RFP and GFP fused to LC3. As autophagosome numbers increase, either due to increased autophagy initiation or decreased degradation, fluorescence intensity increases as LC3 clusters on autophagosome membranes. Unlike RFP, GFP is quenched by low pH, and LC3 present in lysosomes should predominantly emit an RFP signal. Under situations where autophagosome degradation is perturbed, the GFP and RFP signals co-localize because autophagosomes do not fuse to acidic lysosomes. The tandem-fluorescent LC3 reporter U87MG cells were treated with PLD or Akt inhibitors overnight, fixed, and imaged for GFP and RFP signals. Under vehicle-treated conditions, numbers of LC3 puncta were low and predominantly visualized with the pH-insensitive RFP tag, indicative of functional autophagy. However, PLD or Akt inhibitor treatments induced a robust relocalization of cytosolic LC3-I to large fluorescent puncta, and when merged, the GFP/ RFP signals highly co-localized, indicating a perturbation in the ability of the cell to effectively degrade and process autophagosomes ( Fig. 7C ). After establishing that PLD and Akt promote autophagic flux, we sought to understand the molecular mechanism. The mammalian target of rapamycin (mTOR) pathway suppresses autophagy under nutrient-rich conditions, and PLD has been implicated as an upstream positive regulator of mTOR (65) . Although we measured diminution of mTOR activity with Akt inhibition, we measured little to no change in mTOR effector phosphorylation status with PLD inhibition (Fig. 8A) , suggesting the mTOR pathway was not mediating the effects of PLD inhibitors on autophagy and also suggesting that PLD 2 and mTOR signaling are uncoupled in the U87MG cell line. Because mTOR regulation did not explain the effects of PLD inhibition on autophagy, we investigated other Akt substrates. Recently, Akt was shown to phosphorylate beclin1 and promote autophagy (66) . Beclin1 is a component of the core autophagy complex (67) and exists in multiple protein complexes during progressive stages of autophagy (68) . Autophagosome maturation and subsequent degradation is, in part, regulated by the interaction of beclin1 with Rubicon (69, 70) , which is believed to negatively impact autophagosome maturation. We hypothesized that the phosphorylation of beclin1 by Akt might inhibit the interaction with Rubicon, and either PLD 2 or Akt inhibition would thereby enhance the interaction. As expected, The PLD 2 inhibitor VU0364739 and Akt inhibitor MK2206 increased the amount of Rubicon that co-immunoprecipitated with beclin1 from U87MG cells (Fig. 8, B and C) . To address whether the interaction of Rubicon with beclin1 was mediated by Akt phosphorylation, we mutated the two putative Akt phosphorylation residues on beclin1, serine 234 and serine 295 (66) , and assessed Rubicon binding. Previous studies identified serine 295 as the predominant Akt phosphorylation site on beclin1 (66) . Alanine mutation of serine 295, but not 234, increased Rubicon binding to beclin1 compared with wild-type controls (Fig. 8B ). PLD and Akt inhibition failed to increase binding of Rubicon to the S295A mutant of beclin1, supporting the model that Akt activity enhances autophagic flux by preventing binding of Rubicon to beclin1 (Fig. 8, B and C) .
Functional Rescue of Akt Restores Autophagic Flux and Viability in Glioma Cells Following PLD Inhibition-To confirm that the effects on autophagy and cell death following PLD inhibition in glioma cells were due to the regulation of Akt by PLD 2 , we developed a stable U87MG cell line expressing a constitutively active form of Akt under the transcriptional control of the tetracycline repressor protein. This Akt construct contains the myristoylation sequence from Src kinase (71) and is constitutively membrane-associated and active. If PtdOH serves to enhance membrane docking of Akt, then PLD inhibition should not decrease phosphorylation of myristoylated Akt (myrAkt1) because this construct bypasses lipid recruitment signals for membrane association. As expected, PLD inhibitors failed to reduce levels of phosphorylated Akt in myrAkt1 U87MG cells ( Fig. 9A ). Unlike PLD inhibitors, Torin1, an ATP-site mTOR inhibitor (72) , decreased phosphorylation of myrAkt1, demonstrating that mTORC2 activity is still required for myrAkt1 phosphorylation and that inhibition of PLD activity does not decrease mTORC2 activity in this cell line (Fig. 9B ). This result is consistent with PLD regulating Akt by enhancing membrane recruitment rather than regulating kinases or phosphatases that modulate phosphorylation of threonine 308 and serine 473. Because phosphorylation of myrAkt1 was resistant to PLD inhibition, we next determined whether autophagic flux was restored following myrAkt1 expression in PLD inhibitortreated cells. Expression of myrAkt1 produced a modest increase in the basal level of LC3-II versus the parental U87MG line (Fig. 9C) . However, the fold induction of LC3-II due to PLD inhibitor treatment versus vehicle control was significantly less than in the parental U87MG line (Fig. 9, C and D) , suggesting that the decrease in autophagic flux was due to inactivation of Akt via a PLD-dependent mechanism. Mechanistically, expression of myrAkt1 should prevent the increased binding of Rubicon to beclin1 following treatment with PLD inhibitors. Treatment of myrAkt1 U87MG cells with Akt inhibitor MK2206, but not VU0364739, increased beclin1 binding to Rubicon even in the presence of myrAkt1 (Fig. 9, E and F) , supporting the proposed mechanism that PLD 2 inhibition results in the inactivation of Akt, which promotes the Rubicon-beclin1 interaction and inhibits autophagic flux.
Finally, to confirm that the decrease in viability following PLD inhibition was due to inhibition of Akt, we measured U87MG cell viability in the parental and myrAkt1 lines. Restoration of Akt function significantly increased viability and protected the GBM cells from PLD inhibitor-induced cell death (Fig. 9G) . Taken together, these data suggest that PLD activity is required for full Akt activation in GBM cells and that when inhibited the cells undergo autophagic death. 
DISCUSSION
Although cancer research has improved the lives and long term survival of many patients over recent decades, the prognoses and treatment options for patients with GBM remain grim. Treatment of drug-resistant GBM demands new understanding of the survival mechanisms used to sustain GBM growth and viability under stress conditions. The insight that most GBM are resistant to apoptotic stimuli has prompted investigators to examine autophagy as a survival mechanism that may be exploited for drug treatment (73) . The chemotherapeutic drugs most successful in treating GBM, such as temozolomide, induce autophagy (74) . Drugs that interfere with autophagic flux, such as the anti-malarial drug chloroquine, have shown promise in clinical trials for potentiating cell death induced by conventional GBM chemotherapies (75) . Therefore, identification of novel autophagy drug targets is clinically relevant for GBM.
In this report, we identified PLD, specifically the PLD 2 isoform, as a regulator of autophagy and cell survival in gliomas through its regulation of Akt kinase (Fig. 10 ). Phosphorylation of Akt, under serum-depleted conditions, requires PLD 2 -generated PtdOH for recruitment to membranes ( Figs. 3 and 5 ). The phosphorylation status of a constitutively membrane-associated Akt, myrAkt, is unperturbed by PLD inhibition (Fig. 9, A  and B ), suggesting that PLD 2 functions to regulate Akt activation by membrane recruitment as opposed to modulating the activities of upstream kinases such as the mTORC2 complex, as has been suggested in other cell lines (18, 29) . Additionally, we report that PLD 2 and Akt co-immunoprecipitate from U87MG cell lysates and form a direct protein-protein interaction (Fig.  4) . Several Akt-interacting proteins have been identified and mediate a variety of effects, including modulation of kinase activity and enhancing the ability of upstream kinases to activate Akt by rendering Akt a better kinase substrate (76) . An interesting hypothesis emerges in which PLD 2 -generated PtdOH recruits Akt to membranes and allows PLD 2 to directly interact with Akt and regulate kinase activity or activation by upstream kinases, and this is the subject of ongoing investigations.
The coupling of PtdOH to Akt activation is apparent in GBM lines but not other cells such as the nontumorigenic HEK293 line (Fig. 3) . The GBM cell lines used in this study, U87MG and U118MG, are both PTEN-null and have higher basal levels of Akt relative to other cell lines. Studies are emerging that suggest Akt-lipid binding profiles may be altered by post-translational modifications and could account for the differences we observe between various cell lines. For example, Mahajan et al. (54) reported that phosphorylation at tyrosine 176 increases the affinity of Akt for PtdOH. In our study, PtdOH appears to increase the affinity of Akt for PIP 3 by binding a distinct site in the Akt PH domain, suggesting that PLD and PI3K might either work together or independently to activate Akt (Fig. 5 ). Crystal structures of the phox homology domain from the NADPH oxidase protein p47 Phox revealed a PtdOH binding pocket distinct from the well characterized phosphoinositide-binding site (77) . Similar to our findings with Akt, occupation of the PtdOH binding pocket on p47 Phox dramatically increased binding affinity for phosphoinositide-containing membranes (77) . These findings open the possibility that other lipid-binding proteins are subject to dual regulation by PtdOH and phosphoinositides and expose the potential for alternative therapy strategies targeting one or both pathways as PLD and PI3K may function together to fine-tune subcellular localization and regulate specific effector pathways. In tandem, selective inhibitors might reduce the effective concentrations and thereby minimize undesired side effects.
In our studies, PLD inhibition did not induce global changes in the phosphorylation status of known Akt effectors such as glycogen synthase kinase 3 (GSK3) or proline-rich Akt substrate of 40 kDa (PRAS40) (data not shown). However, the loss of glioma viability following PLD inhibition appears to be mediated by the inactivation of Akt ( Fig. 9 ) and subsequent inhibition of autophagic flux. Modulation of autophagy at either the initiation or degradation steps appear to have varying outcomes on cell viability when GBM cells are treated with compounds that induce autophagy. For example, GBM cell death induced by temozolomide (74) or imatinib (78) is potentiated by inhibition of autophagosome degradation with bafilomycin A1. Paradoxically, chemical or genetic inhibition of autophagosome initiation protects GBM cells against temozolomide- (74) or imatinib (78)-induced cell death. In this study and others (79), PLD inhibition decreased autophagic flux and inhibition of autophagy initiation via siRNA knockdown of Atg7-protected U87MG cells against PLD inhibitor-induced cell death (Fig. 6,  H and I) . Autophagosomes are known to carry damaged organelles or toxic aggregates that must be successfully cleared for cell survival. Therefore, the accumulation of this toxic cargo that cannot be degraded following inhibition of autophagic flux by PLD inhibition or bafilomycin A1 treatment results in cell death, and decreasing the number of these toxic autophagosomes by reducing autophagy initiation appears to be cytoprotective under certain circumstances. Akt kinase has emerged as a regulator of autophagy, and chemical inhibitors or genetic silencing can modulate autophagy in GBM cells (80) , although the mechanisms have not been fully elucidated. Here, we have characterized a novel function for the Akt-mediated phosphorylation of beclin1. Phosphorylation of beclin1 by Akt appears to prevent binding to Rubicon (Fig. 8, B and C) , an interaction that is known to inhibit autophagosome maturation (69, 70) . Further elucidation of novel Akt substrates in autophagy pathways will potentially shed light on other molecular mechanisms underlying the regulation of autophagy by PLD 2 and Akt.
Our results support PLD as a novel drug target for GBM therapy. By regulating specific functions of Akt, such as autophagy ( Fig. 10) , the side effects of global Akt inhibition (12, 81) are potentially avoided by targeting PLD 2 . Knock-out mice for PLD 1 and PLD 2 (25, 26) are viable and show no overt phenotypes, suggesting that small molecule inhibition of PLD may circumvent toxic side effects seen with conventional chemotherapies. Although we characterized the molecular mechanisms of cell survival in a model system, U87MG cells, PLD inhibitors decreased autophagic flux, reduced viability, and reduced anchorage-independent growth in two glioma stem cell lines isolated from human biopsies ( Figs. 2C and 6F) , which are notoriously resistant to conventional chemotherapies (3). Therefore, the development of PLD inhibitors as a stand-alone or combination therapy has exciting potential for GBM treatment.
